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ABSTRACT 
 The study of borehole paleoclimatology aids scientists 
in determining past climate changes and in understanding 
current climate trends.  Accurate borehole temperature logs 
are necessary to obtain a useful temperature profile.  
However, as many climate workers have discovered, borehole 
temperature profiles can have many causes of inaccuracy.  
Uncertainties associated with borehole data include errors 
stemming from temperature measurement, depth measurement, 
thermophysical property measurements, and terrain effects.  
Terrain effects include topography, changes in land cover 
over time, direct and diffused sun radiation, and 
groundwater flow.     
 This study focused on specific terrain effects 
influencing borehole temperature profiles in the United 
States borehole dataset included in the International Heat 
Flow Commission global dataset.  The objective is to 
determine severity of influence and the feasibility of 
correcting terrain effects on United States boreholes.  
 Large amounts of terrain-influenced boreholes included 
in the dataset will affect the reliability of using the 
 xii
entire dataset in climate modeling.  Methods used to 
identify terrain effects include inverse modeling, 
comparison of observed borehole data with synthetic modeling 
created using meteorological station weather data, and 
remote sensing.   
 Research indicates approximately 34% of the 136 United 
States borehole profiles in the IHFC dataset have some 
degree of terrain effect.  The severely influenced boreholes 
comprise approximately 15% of the United States dataset.  
The three main categories of terrain effects include 
topographical, water and land cover.  Of the 63 boreholes 
included in this report, 21 exhibit land cover effect, 15 
show topographical effects, 15 show minor effects, and 12 
show water effects.   
 In addition, a study on the accuracy of grouped 
boreholes and the variation of borehole profiles in the 
regional area of North Dakota, South Dakota, and Nebraska 
was conducted.  Numerous borehole profiles show variation 
within a given area.  Averaging terrain-influenced borehole 
profiles with undisturbed profiles will affects results.  
The magnitude of effect is dependent on the type of modeling 
and intended use of the data.   
 
 
 xiii
CHAPTER I 
INTRODUCTION 
 Global warming and the future of our planet is a 
concern at the forefront of scientific issues in the world 
today.  Much debate has occurred on whether global warming 
is happening and if it is part of the natural variation of 
Earth’s climate, or from an anthropogenic source. 
 Paleoclimatology is the scientific study of the 
climatic conditions of past geologic ages.  By studying the 
history of Earth’s climate, scientists hope to identify 
trends and patterns to understand past and recent climate 
changes and their causes.  Scientists obtain climate 
records from proxy data, including measuring oxygen isotope 
ratios in ice cores, fossils, tree rings, ocean sediments, 
and measuring borehole temperature profiles.   
 Borehole measurements are advantageous because they 
are direct temperature records, free of the uncertainties 
inherent in conversion from proxy data to temperature.  
Most importantly, temperature measurements in boreholes 
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provide a direct temperature record of the rate and 
magnitude of surface temperature change during the past 200 
to 500 years (Huang et al., 2000).  
 The Milankovitch Cycles are natural cycles of cooling 
and warming associated with Earth’s processes.  These 
cycles are due to variations in Earth’s rotation on its 
axis and orbit around the Sun.  The eccentricity, obliquity 
and precession of Earth’s movements change the amount and 
location of solar radiation reaching Earth, causing cooling 
and warming cycles. 
 The rapid warming of the last few centuries is 
unprecedented in the climate record (IPCC AR4 WG1 Report, 
2007).  The timing of the rapid warming also correlates 
with the advancement of technology and the increased use of 
fossil fuels by humans in the last few centuries (Hanson, 
2004; Hanson et al., 2005).   
 Hansen (2004) discussed how human made gases are 
heating Earth’s surface at a current rate of almost 2 W m-2.  
He points out many concerns with global warming, including 
the ocean’s finite ability to store excess heat and the 
rate of ice sheet melting.  Hansen et al. (2005) show that 
Earth is now absorbing 0.85 W m-2 more energy from the Sun 
than is being emitted into space due to anthropogenic 
greenhouse gases.  Mann et al. (1998) have documented 
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Earth’s temperature rise through compilation of various 
proxy temperature records including tree ring patterns, 
corals, ice cores, ice melt patterns and long instrumental 
records.   
 In Assessment Report 4 (AR4), the Intergovernmental 
Panel on Climate Change (IPCC) took its strongest stance on 
the anthropogenic causes of global warming.  “The 
understanding of anthropogenic warming and cooling 
influences on climate has improved since the TAR (Third 
Assessment Report), leading to [very high confidence] that 
the global average net effect of human activities since 
1750 has been one of warming, with a radiative forcing of 
+1.6 [+0.6 to +2.4] W m–2”(IPCC AR4 WG1 Technical Summary, 
2007, p. 31). 
Hypothesis 
 This research focused on determining the feasibility of 
identifying and correcting terrain effects affecting the 136 
United States borehole temperature profiles included in the 
IHFC borehole paleoclimate dataset.  A large amount of 
influenced boreholes will affect the reliability of using 
the entire dataset in climate modeling.  Terrain effects 
cause interference in recovering temperature changes using 
the interaction between surface air temperature (SAT) and 
ground surface temperature (GST).   
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 Air temperature changes at the surface of Earth 
propagate downward into the subsurface and influence the 
ambient thermal regime.  Hence, the subsurface is a recorder 
that stores past surface temperature changes.  Boreholes tap 
into these records.  The ideal borehole for a climate 
measurement has the following characteristics: 1) situated 
on flat terrain, 2) minimal land cover change, 3) drilled 
into an impermeable, homogeneous rock, such as shale or 
granite.  These features result in a borehole profile with a 
steady thermal gradient and thermal conductivity and 
therefore a steady conduction of SAT into the ground.   
 Unfortunately, many boreholes do not have these 
characteristics.  Many climate study boreholes are adapted 
or salvaged from oil and gas exploration holes or mining 
sources.  
Heat Flow 
 The International Heat Flow Commission (IHFC) of the 
International Association of Seismology and Physics of the 
Earth’s Interior (IASPEI) initiated a project to compile a 
worldwide heat flow database.  The first published 
compilation by Lee and Uyeda (1965) included approximately 
2000 heat flow observations.  Simmons and Horai (1968), 
Jessop et al. (1976), and Pollack et al. (1993) made 
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successive compilations.  Currently, the database includes 
24,774 observations.     
 The heat flow database includes marine and continental 
data from across Earth.  All data included in the database 
are from published sources.  The heat flow database aids in 
the study of terrestrial heat flow.  “It is the most direct 
observation of the thermal state of the Earth, and 
geothermal processes play an important role in all theories 
of the Earth’s origin, constitution and behavior”(Lee and 
Uyeda, 1965, p. 87).   
The Global Database of Borehole Temperatures and 
Climate Reconstructions utilize part of the data included in 
the heat flow database.  The purpose of this database is the 
analysis and interpretation of geothermal observations 
leading to an understanding of the nature and causes of 
climate change.   
 Huang et al. (2000) incorporated the entire dataset 
using an ensemble approach to examine temperature changes 
during the past 500 years.   
 However, if large amounts of influenced boreholes are 
included in the dataset, they will affect the reliability of 
using the entire dataset in climate analysis.  As many 
climate workers have discovered, temperature-depth (T-z) 
profiles in boreholes can contain a variety of steady-state 
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and transient, non climate-related signals (Blackwell et 
al., 1980; Kukkonen et al., 1994; Cermak et al., 2006; 
Safanda, 1994; Lewis and Wang, 1992; and Safanda, 1999).   
 Several studies have indicated that a topographic 
terrain effect is possible to correct using analytical and 
numerical modeling (Blackwell et al., 1980; Lewis and Wang, 
1992; and Safanda, 1999).  The other effects are more 
difficult to correct because of their transient 
characteristics, especially groundwater flow.  
Previous Work 
 Previous corrections proposed for the heat flow 
dataset include Birch (1948), who proposed a post glacial 
warming correction to geothermal gradients.  Jessop (1971) 
determined that only 14.7% of all heat flow data had been 
corrected for post-glacial warming.  
 Research on global and regional temperature trends 
using borehole data include Lachenbruch and Marshall 
(1986), who determined a 2 to 4 °C warming of the 
permafrost surface in northern Alaska in the last century.  
Gosnold et al. (1997) found that ground surface warming 
during the last century increased with latitude along a 
transect of boreholes extending from Kansas to Manitoba.  
Mann et al. (1998) used multiproxy data to reconstruct 
surface temperature patterns over the past six centuries 
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and proposed greenhouse gases as a dominant forcing during 
the twentieth century.  Pollack et al. (1998) analyzed 358 
borehole measurements in eastern North America and 
concluded that the average surface temperature of Earth has 
increased by 0.5 °C.  Huang et al. (2000) reconstructed 
temperature trends over the past five centuries using 
borehole data and found a warming of approximately 1 
Kelvin, with most of the warming in the twentieth century.   
A growing number of authors have addressed the 
feasibility of extracting accurate past climate temperature 
trends from boreholes.  Beck (1982) conducted his research 
on well-characterized boreholes.  After extracting the past 
climate profile, Beck found that climate disturbances in 
the signal matched well with building events in the area.  
Chisholm and Chapman (1992) found that a suite of boreholes 
in Utah matched SAT signals within ±0.3 °C.  Harris and 
Chapman (2001) found a good correlation between reduced 
temperature profiles and SAT records for the Northern 
Hemisphere.  Pollack et al. (2005) provided a simple 
representation of air-ground temperature coupling that 
allowed for long-term examination of climate change.  
Authors that addressed inverse modeling include 
Anderssen and Saull (1973), who proposed a procedure that 
is independent of the classic assumption that a borehole is 
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a hole in semi-infinite homogeneous Earth of constant 
diffusivity κ.  Their procedure takes the coefficients of a 
least squares fit of borehole profiles giving an 
approximate fit to each particular borehole.  Shen and Beck 
(1983) conducted tests on the accuracy of the linear least 
squares minimization problem.  Their results indicated that 
large time spans and high resolution are mutually 
exclusive.  For reasonable resolution, the epochs at which 
surface temperature changes took place need to be verified 
by independent data.  Finally, surface temperature changes 
outside of a chosen time of interest need to be known to 
remove their effects from gradient data.  Beck (1992) 
discussed some methods and problems in inferring past 
climate change from subsurface temperature profiles, 
including general inversion modeling difficulties and 
insufficient data logging.   
Shen and Beck (1991) used a least squares inversion 
method on borehole temperatures, using iterative gradient 
methods, as opposed to the conventional discrete 
formulation.  This method reduced computing time and 
storage of a large amount of data.  Wang (1992) used a 
Bayesian inverse technique to estimate GST on deep 
boreholes at two locations.  Both locations showed good 
agreement with Northern Hemisphere SATs.  Shen et al. 
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(1992) compared three different inversion methods; all 
three methods gave similar results.  Shen et al. (1996) 
compared the Functional Space Inversion (FSI) method with 
singular value decomposition (SVD) and concluded that SVD 
does not perform as well with significant noise in the 
signal.   
Beltrami (2001) applied a singular value decomposition 
inversion method to the global geothermal dataset and found 
a warming of approximately 0.5 Kelvin on Earth’s continents 
in the past 100 years.  Finally, Gonzalez-Rouco et al. 
(2006) used a heat-conduction forward model to compare an 
inversion method approach to surface temperature 
reconstruction.  The results of the model indicated 
borehole inversion methods are reliable at retrieving long-
term temperature trends. 
 Many studies have tested the feasibility of combining 
and comparing borehole temperature data with other methods 
of tracking climate change.  Chapman et al. (1992) compared 
a suite of Utah boreholes with meteorologic data and 
concluded that ground temperatures track air temperatures 
over long periods.  Beltrami and Mareschal (1993) compared 
regional ground temperature histories with atmospheric CO2 
and proxy data and concluded the modern warming correlates 
with the atmospheric concentration of CO2.  Beltrami et al. 
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(1995) combined dendrochronological and geothermal data to 
obtain a high-resolution ground temperature history.   
Harris and Gosnold (1999) concluded borehole 
temperatures and SAT correlate well in the United States 
northern plains.  Bartlett et al. (2004) developed a 
numerical model of snow-ground thermal interactions that 
predicted ground temperature changes that compared well 
with observed data.  Cermak et al. (2006) combined poorer 
precision older temperature profiles with new temperature 
profiles and compared them with air temperature data.  The 
results indicated a 1 Kelvin warming for the twentieth 
century.  The study also showed that snow cover influences 
the interaction between air and subsurface and can smooth 
down the subsurface response to climate changes.     
 Papers that deal with terrain effects are not as 
plentiful as studies done on reconstructing past climate 
and analyzing temperature trends.  Huang et al. (2000) 
suggested that a comprehensive analysis including many 
boreholes would average out any terrain effect signals.  
They assume that combining many boreholes signals will 
dilute the influenced borehole signals.  This research 
indicates that this is not necessarily true.  Influenced 
boreholes can have a significant effect on the results of 
studies.   
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 Blackwell et al. (1980) reviewed past terrain effect 
corrections and introduced a new method of calculations 
using matrix solutions that more accurately reflected 
topographic surfaces and addressed the problem of lateral 
heat flow.  
 Clow (1992) used two experimental approaches to test 
the sensitivity of borehole temperature data involving time 
dependent factors; he provided results that optimized 
detection of climate signals with temporal variations.  
Lewis and Wang (1992) concluded that terrain and 
underground water flow produced anomalous temperatures 
similar to those expected from climate changes.  Kukkonen 
et al. (1994) also concluded that convective heat transfer 
due to groundwater can simulate a climate change in T-z 
profiles, and thus knowledge of hydrogeological properties 
of drilled strata is essential.  
 Kohl (1999) concluded that transient temperature data 
is sensitive to surface topography, but taken on a case-by-
case basis, it is possible to eliminate the “noise” signal 
by calculations.  Safanda (1999) concluded that the effect 
of topography and vegetation on borehole profiles is 
stronger than generally recognized and studies conducted 
with shallow boreholes on more recent climate change should 
be treated cautiously.   
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CHAPTER II 
METHODS 
Preliminary Assessment 
 The primary data for this project are from the 
Borehole Temperature and Climate Reconstruction database 
web site (http://www.geo.lsa.umich.edu/climate/).  The IHFC 
maintains the dataset and heat flow researchers are welcome 
to contribute new data provided the data meets the 
qualifications established by the IHFC.  As noted, the 
scope of this project includes the United States dataset.  
Information available on the website is observed log data; 
the data contributor; elevation; latitude and longitude; 
and reconstructed temperature profiles, including inverse 
models (Table 1, Figures 1 and 2). 
Table 1.  Example of the United States dataset. 
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 Figure 1.  Example of observed data. 
 
 
Figure 2.  Example of reconstructions. 
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 The precision of the latitude and longitude for each 
borehole in the dataset is 0.01 degrees.  There are 110 km 
separating a single degree of latitude, therefore two 
decimal precision will be ±1.1 km to the correct location.  
The farther from the equator you are, the more accurate 
your longitude values will be.  At the equator, two-decimal 
precision will be within 1.1 km of the correct location.  
At 40 degrees, N or S of the equator the precision is 
within 0.85 km.   
 A preliminary scan for possible topographic 
disturbances near each site was conducted using USGS 7.5’ 
topographical maps.  Possible land cover disturbances were 
assessed using satellite imagery, aerial photographs, and 
images from Google© Earth.  Characteristics used for 
preliminarily identification of terrain-affected boreholes 
included local topography, land cover, geologic 
characteristics, and subsurface formations.   
 An examination of observed temperature-depth (T-z) 
profiles revealed disturbed temperature profiles.  
Disturbances in profiles show deviations from a steady-
state profile.  For example, groundwater flow will show 
“kinks” in a profile that deviates from a straight steady-
state profile.  Urban disturbances, such as deforestation 
and building, will likely show a positive deviation from a 
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steady-state profile indicating warming.  Topographic 
effects and vegetation cover can show a negative deviation 
from a steady-state profile indicating cooling.     
 A preliminary assessment of the characteristics of 
each borehole location provided 60 terrain-affected 
boreholes.  A comprehensive assessment was performed on 
this initial count.   
Field Logging Method 
 Many boreholes are drilled for mining purposes and oil 
and gas exploration.  The depth of the hole can vary 
depending on the drilling purpose.  Some boreholes are 
thousands of meters deep.  The boreholes included in the 
IHFC dataset are all deeper than 200 m.     
 A borehole drilled for heat flow and climate purposes 
is generally cased and capped.  A casing keeps the borehole 
structure intact.  A cap seals the bottom and top of the 
borehole.  The cased borehole is filled with water and the 
water equilibrates with the surrounding soil temperature.  
SAT acts like a forcing signal and is transmitted into the 
subsurface through conduction.  Therefore, the subsurface 
reflects temperature trends in the SAT and the water in the 
pipe is equivalent to the surrounding subsurface 
temperature.     
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  Measurements are taken by lowering a thermistor on a 
4-conductor cable through the water in the borehole.  The 
resistance of the thermistor is inversely proportional to 
temperature and is recorded using an ohm-meter at the 
surface.  The resolution of the University of North Dakota 
thermistor used in this study is ±0.005 °C and the accuracy 
is ±0.03 °C in reference to US Bureau of Standards.  
Loggings, measured as resistance in ohms, are taken in 
uniform depth increments; the rate is dependent on the 
preference of the operator.  Smaller increments provide 
measurements that are more detailed.   
Observed Data Processing 
 The field measurements of resistance are converted 
into degrees Celsius using a polynomial fit to the 
calibration curve.  This provides the observed data with a 
T-z measurement in Celsius that is reproducible to ± 0.005 
°C.  The T-z data were modeled with background heat flow 
removed to provide a reduced temperature profile that shows 
the signal transferred from the surface.  This reduced 
profile is compared with synthetic models generated with 
meteorological weather data of SAT over the last 120 years 
near the location of the boreholes.  
 Background heat flow is the natural heat that is 
emitted from Earth’s interior and moves outward through the 
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mantle and crust through conduction and convection.  To 
remove background heat flow, T-z data was graphed in 
Microsoft® Office Excel and a linear fit applied to the 
bottom 30 m of the observed data.  Only the lower portion 
of the borehole is used to obtain the approximately steady-
state condition.  This method assumes a constant thermal 
conductivity for a uniform distribution of temperature.  
The calculation obtained from the linear fit was applied to 
the T-z data to remove background heat flow.  The reduced 
profile shows any deviation that the profile makes from the 
linear fit provided in the bottom 30 m of the borehole. 
Meteorological Weather Data 
 Meteorological weather data was acquired from several 
sources, including monthly data from the United States 
Historical Climatology Network (USHCN) and yearly data from 
the Western Regional Climate Center (WRCC), USA Divisional 
Climate Data.  The instrumental meteorological data record 
includes only about the past 120 years.  Individual weather 
stations are not always reliable and air temperature data 
can vary from station to station, even when stations are 
near each other.  Uncertainties of weather station data 
come from instrumental errors and relocation of stations.  
To help minimize error, the monthly air temperatures of 
stations near each borehole were averaged and the composite 
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air temperature signal used in modeling.  The USHCN air 
temperature data is in degrees Fahrenheit and was converted 
into degrees Celsius.   
 The first 30 years of air temperature data were 
graphed and a linear fit applied to estimate the initial 
temperature.  This value was subtracted from each record 
(daily, monthly or annual) to give a zero initial 
condition.  A zero initial condition is optimal to obtain 
an estimation of the variation in SAT for the last 120 
years in the area of interest.    
 The zero initial condition climate data was input into 
a forward finite-difference modeling program, which 
simulates surface temperature distribution into the 
subsurface over a chosen period.  The model assumed a 1:1 
correspondence between air and ground surface temperature.  
Other assumed ideal model conditions included a flat ground 
surface with no vegetation and a solid, homogeneous, 
isotropic formation.  This allowed the air temperature to 
enter and propagate uniformly throughout the subsurface.   
 The produced output file is a time-temperature map and 
was imported into Microsoft® Office Excel and the data 
graphed down to 50 m into the subsurface.  This provided a 
SAT profile to use as a forcing signal in the synthetic 
modeling that was approximate to the actual SAT that 
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influenced the borehole.  Appendix H contains the SAT 
signals used for each borehole.   
 Note that several boreholes are located in close 
proximity to one another.  Therefore, the averaged nearest 
meteorological station data is used as a forcing signal for 
all the boreholes in the relevant area.   
Synthetic Modeling 
 The synthetic profiles were created using a DOS based 
2-dimensional finite-difference heat flow modeling program 
that simulates heat flow through the subsurface.  The 
modeling program allows the user to run many different 
simulations and scenarios by varying topography, heat flow, 
run time, and thermal conductivity.  Heat flow can be 
adjusted through steady conductance or by entering a moving 
source, such as groundwater flow.  
 The program was run using a template model, a 60 by 60 
grid with node spacing selected to approximate topography 
while maintaining stability in the computations.  Figure 3 
is a cross-section view of a template model.  The first two 
numbers in the first row specify the number of horizontal 
and vertical nodes.  The third number is a code that 
deactivates the convection subroutine in the program so 
that only heat flow by conduction is modeled.  The numbers 
in the second row specify the background heat flow, in this 
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case zero, and a time counter if the model has been 
previously run.   
 The 17 x 17 grid of zeros are the initial temperatures 
in the model.  The next 17 x 17 grid contains codes, which 
specify the values of thermal conductivity, radioactive 
heat production, and direction of heat conduction.  The 
first number in the code designates the number of the 
thermal conductivity value to use.  Eight conductivities 
are possible and are listed in the last row in mW m-2.  The 
second number in the code designates the number of 
radioactive heat production.  Eight values are possible and 
are listed in the next to last row in μW m-3.   
 The last two numbers in the code designate heat flow 
direction: 02 holds the temperature constant, 03 designates 
the left side as a mirror so no heat flow from the model to 
the left is permitted, 04 designates the right side as a 
mirror, 01 allows heat flow to and from all eight nearest 
neighbors, 11 designates constant heat flow into the bottom 
of the model and does not allow heat loss through the 
bottom, and the 12 and 13 codes designate the bottom 
corners.  The two rows beneath the last line of codes, 
designated 6112, 6111, and 6113, are the dimensions of the 
horizontal and vertical dimensions in meters. 
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  A designed template used thermal conductivity and 
heat flow adjusted to each individual borehole based on the 
area where it is located, the type of rock penetrated by 
the borehole, and calculations from the observed profile.    
  
 
Figure 3.  Example of a template model for the finite-difference program.  
  
 A synthetic T-z profile is generated using the SAT 
forcing signal by holding the ground surface at a constant 
temperature for a relevant period while a number of 
iterations are performed.  This profile was imported into 
Microsoft® Office Excel and the data graphed.   
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 The synthetic profile is compared with the observed 
profile from the borehole.  Ideally, the signals should 
approximately match.  
Inverse Modeling 
 Inverse modeling utilized the observed measurements 
and allowed recovery of past climate changes.  A linear fit 
was applied to the entire observed profile from which a y-
intercept and a slope degree can be obtained.   
 This study used the least squares inversion method 
described by Shen and Beck (1991), which uses an a priori 
estimate of parameters, thus providing a null hypothesis.  
The data showed surface temperature changes independent of 
any assumptions about past change.   
 The input file for the inverse modeling program 
contains observed T-z data, thermal conductivity and the 
intercept and slope obtained from the linear fit.  The 
input file was run in the inverse modeling program and an 
output file produced containing data of temperature versus 
time.  The output file was imported in Microsoft® Office 
Excel and graphed to illustrate the model.   
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CHAPTER III 
RESULTS 
General 
 Table 2 gives a list of the boreholes in this study, 
as well as the terrain effect and severity of the 
influence.  Figure 4 is a map of the borehole locations.               
Table 2.  Borehole descriptions 
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Table 2 cont.  
 
  
 The most severely terrain-affected boreholes included 
in the IHFC dataset have little or no chance of being 
properly corrected and should be removed from modeling that 
attempts to recover accurate past surface air temperatures.  
However, many moderately affected boreholes can show 
reliable climate trends.  Climate studies focused on recent 
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climate trends should be careful, because in shallow 
boreholes, terrain effects can have a tremendous amount of 
influence in the upper subsurface.  As exhibited by many of 
the boreholes in this study.   
 Accurately recovering the past surface air temperature 
from the borehole signal is difficult, especially because 
these boreholes are generally isolated.  When there is a 
suite of boreholes where you can compare subsurface 
temperature trends, resolving terrain effects becomes more 
feasible with a higher level of confidence.  
 
Figure 4.  Google© Earth image showing borehole locations. 
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   The identified terrain-affected boreholes are divided 
into three categories: topographical terrain effect, water 
terrain effect, and land cover effect.  Many boreholes 
showed multiple effects.  However, generally one terrain 
effect is dominant. 
  Fifty-six boreholes from the IHFC dataset are 
included in this report.  Additional data from 7 field-
logged boreholes are also included.  The majority of the 
boreholes included are terrain-affected, but 15 boreholes 
that show an undisturbed signal are included as an example 
group.   
 The regional variation study includes the 11 boreholes 
in this study located throughout North Dakota, South 
Dakota, and Nebraska.   
 Approximately 34% of the 136 US borehole profiles in 
the IHFC dataset have some degree of influence from terrain 
effects.  The severely influenced boreholes comprise 
approximately 15% of the dataset.   
 Of the 63 boreholes included in this report, 15 show 
an undisturbed temperature profile.  There are 12 boreholes 
with some type of water effect.  Topographical influenced 
boreholes comprise 15 of the boreholes included in this 
report.   
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 The largest number of terrain-affected boreholes, 21, 
is under the land cover category.  This category includes 
changes related to urban development and vegetation cover.   
 Also included in this category are boreholes in or 
near mining operations.  The situation often found in 
mining operations is several test holes are drilled very 
near one another, therefore they are given the same 
latitude and longitude in the IHFC dataset.  However, each 
borehole has its own thermal conductivity and thermal 
gradient provided with the observed data.  Three sets of 
boreholes from mining operations are included in this 
report.   
Minor Terrain Effect 
 In this study, a minor terrain-affected or undisturbed 
profile duplicates the reduced synthetic profiles with a 
margin of ±0.2 °C.  Generally, the deviation from the 
synthetic profile occurs in the upper 100 m of a profile.   
 Appendix A contains the minor terrain-affected 
temperature profiles.  The observed T-z profiles correlate 
well with the synthetic signal derived using the SAT as a 
forcing signal.  This provides the ability to recover past 
climate changes. 
   Minor terrain-affected boreholes are extremely useful 
for multiple logging measurements.  Climate workers have 
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come to discover the importance of multiple loggings of the 
same borehole.  Unfortunately, many boreholes have been 
lost.  The locations of many boreholes are not ideal, and 
the casing is often pulled or destroyed.  
 Landa, located in North Dakota, illustrates the 
usefulness of multiple loggings of an undisturbed profile.  
There is an increase in the subsurface temperature profile 
from log to log that correlates well with surface 
temperature changes (Figure 6).  The profiles indicate 
warming of approximately 0.2° C near Landa since 1984.   
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Figure 5.  SAT signal near Landa, ND. 
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Figure 6.  Multiple temperature logs of Landa.  The temperature in the borehole 
increases with time, which compares well with SAT increase. 
 
Michigan borehole MI7-40 is located on a peninsula in 
the Upper Peninsula region (Figure 7).  The situation of 
the borehole seemed to indicate a disturbed profile.  
However, the profile does not deviate significantly from 
the synthetic profile.  Figure 8 shows the observed and 
synthetic reduced profiles.  The observed reduced profile 
begins at 90 m down, which helps to eliminate noise signals 
found in the upper 100 m of the borehole profile.  The 
observed reduced profile shows a kink at approximately 170 
m down which is indicative of a change in thermal 
conductivity, likely from groundwater flow interference.    
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 Figure 7.  Google© Earth images depicting the location of MI7-40 in the Upper 
Peninsula region of Michigan 
MI7-40 Reduced Temperature Depth Profile
0
50
100
150
200
250
300
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Temperature (C)
D
ep
th
 (m
)
Observed
Synthetic
 
Figure 8.  Reduced T-z profile of MI7-40.  The observed profile starts at 90 m. 
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 Other profiles, such as UTSRD-3 in Utah, exhibit noise 
in the signal although the observed reduced profile still 
matches well with the synthetic reduced profile.   
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Figure 9.  Reduced T-z profile of UTSRD-3 in Utah.  The profile shows noise but 
generally matches the synthetic profile. 
 
Topographical Terrain Effect 
 Appendix B contains the topographical terrain-affected 
borehole temperature profiles.  The topographical effect on 
subsurface temperature is a long-standing problem in 
geothermal studies (Blackwell et al., 1980).    
 A number of correction techniques have been devised to 
correct this effect.  However, a precise borehole location 
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is needed to perform a correction on the T-z profile.  
Therefore, the degree of accuracy of the latitudes and 
longitudes given with the data is too imprecise to 
determine corrections for topographical terrain effects.  
Knowing an exact location would provide such data as 
elevation and topographic profiles for mathematically 
correcting the profile.  For general analysis purposes, the 
surrounding topography can be determined even without the 
precise location of the borehole.  
 A borehole location on or near a mountaintop or cliff 
edge will reduce the thermal gradient of the formation in 
which the borehole is located.  A reduced thermal gradient 
will exhibit a greater cooling than is necessarily the 
case.  If the borehole was drilled in a ravine, the 
opposite will occur, the thermal gradient will be 
increased, and show more warming.  
 A majority of the boreholes in the topographical 
terrain effect category exhibit a severely influenced 
temperature profile.  Temperature profile corrections for 
these profiles are improbable.  Many show an unusual degree 
of cooling in comparison to the synthetic signal, and 
therefore the surrounding SAT.  However, there are 
boreholes included in this category that show a warming 
signal.   
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 An interesting pair in this category is UTSRS-3 and 
UTSRD-7.  These two boreholes are located in Utah.  Both 
are drilled into sandstone along the edge of a cliff above 
a river.  The cliff in both cases is over 140 m high, with 
a southern exposure (Figures 10 and 12).  Both boreholes 
reduced T-z profiles show a warming signal (Figures 11 and 
13).  The exposed southern cliff above the river is 
possibly causing an increased amount of warming on the 
borehole temperature profile.  Typically, in this situation 
the profile would show cooling due to a reduced thermal 
gradient. 
 The reduced T-z profile of UTSRS-3 (Figure 11) shows 
two observed reduced profiles.  The first observed reduced 
profile was calculated using the bottom 30 m of the 
observed data.  The second observed reduced profile was 
calculated using a 30 m interval 60 m from the bottom of 
the hole.  The Observed1 reduced profile (Figure 11) shows 
a warming of approximately 0.8 °C, whereas, Observed2 shows 
a cooling of about 1.0 °C.  This example illustrates the 
large uncertainties in modeling.  Noise signals filtering 
in from the surface can interfere with obtaining an 
accurate linear fit profile close to steady-state 
conditions.  Carefully processed data is necessary to 
recover accurate borehole temperature profiles.   
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 Figure 10.  Google© Earth images depicting the location of UTSRS-3. 
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Figure 11.  Reduced T-z profile of UTSRS-3.  Observed1 and Observed2 are 
calculated using different 30 m interval linear fits. 
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 Figure 12.  Google© Earth images of the location of UTSRD-7. 
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Figure 13.  Reduced T-z profile of UTSRD-7. 
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Water Terrain Effect 
 Appendix C includes the borehole profiles affected by 
water flow or by proximity to water bodies.  The water and 
groundwater affected boreholes have interesting profiles.  
Many of the observed T-z profiles show a kink in the 
profile attributed to a change in thermal conductivity 
(Figure 14).  The boreholes in this category show a mix 
between warming signals and cooling signals, and a mix in 
the strength of the signals. 
 
Figure 14.  ME7-34 Observed T-z profile exhibits a kink in the profile. 
   
 The reduced T-Z profile of NY6-11 (Figure 15) is a 
good example that shows groundwater flow influence.  The 
profile initially matches the synthetic profile at 
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approximately 250 m deep.  However, from 200 m to 100 m 
there is a cooling in the profile temperature, followed by 
a strong warming signal in the upper 100 m.  Another 
example is the reduced T-z profile of MN5-35 (Figure 16).  
The upper part of the profile matches nicely with the 
synthetic profile; however, the profile portion ranging 
from approximately 450 m to 150 m shows an outward 
expansion of a warming signal.   
 Correcting for groundwater flow is difficult.  Data 
would be needed on the rate of groundwater flow, the 
average temperature of that flow, the thickness of flow, 
the depth of flow and natural variation of the flow needs 
to be taken into account.  
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Figure 15.  Reduced T-z profile of NY6-11 in New York.   
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MN5-35 Reduced Temperature Depth Profile
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Figure 16.  Reduced T-z profile of MN5-35 in Minnesota.   
 
 Boreholes located in proximity to large bodies of 
water can be significantly affected.  In some cases, it can 
cause a false warming signal in the borehole, greater than 
could be attributed from SAT alone.   
 NY6-43 is a good example.  NY6-43 is situated near 
Seneca Lake, a finger lake in upstate New York (Figure 17).  
It is the largest of the Finger Lakes at about 48 km long 
and approximately 136 m deep, it holds approximately 2.1 
billion cubic meters of water.  The NY6-43 reduced profile 
(Figure 18) shows a large amount of warming, in excess of 3 
°C warmer than the synthetic signal. 
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 Figure 17.  Google© Earth images of Lake Seneca and the approximate location of 
borehole NY6-43 
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Figure 18.  Reduced T-z profile of NY6-43 shows a large warming signal in 
comparison to the synthetic signal. 
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Land Cover Terrain Effect 
  The precision of the coordinates is also a concern 
with this category.  However, in such cases as Alclay4 and 
Alclay6, which are located in the middle of Birmingham, 
Alabama, an error margin of ±1.1 km is still within the 
urban area.  Alclay4 and Alclay6 reduced T-z profiles show 
warming (Figure 20).  DC6-61, DC6-62 and DC6-63 have the 
same situation (Figure 21).  They are located in the 
metropolis of Washington, D.C.  DC6-61 and DC6-62 show a 
cooling curve in their reduced T-z profile between 100m and 
200m.  The upper 100 m of DC6-61 and DC6-62 show a rapid 
warming.  DC6-63’s reduced T-z profile shows continuous 
warming (Figure 22). 
 
Figure 19.  Google© Earth images showing the location of Alclay4-6, in 
Birmingham, AL.   
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 Figure 20.  Reduced T-z profiles of Alclay4 and Alclay6. 
  
 
Figure 21.  Google© Earth image showing the location of DC6-61-62-63 in the 
metropolis of Washington D.C. 
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0
100
200
300
400
500
600
700
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Temperature (C)
D
ep
th
 (m
) DC6-61
DC6-62
DC6-63
Synthetic
 
 
Figure 22.  Reduced T-z profiles of DC6-62-62-63. 
 
 Borehole sets included from mining operations have 
mixed signals.  The inverse models of the mining sets have 
been graphed together, which shows a good picture of the 
variation that can occur even with boreholes in proximity 
to one another.  Borehole suite AZ7-22-23-24-25 is located 
near the ASARCO copper mining operation in Arizona (Figure 
23).   
 This suite contains an error in that AZ7-24 and AZ7-25 
have duplicate observed data.  Each of the remaining three 
borehole signals shows terrain effects.  AZ7-22 shows 
warming; AZ7-23-24 shows a cooling signal (Figure 24). 
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 Figure 23.  Google© Earth images showing ASARCO mining operation near Tucson, 
AZ. 
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Figure 24.  Reduced T-z profiles of AZ7-22-23-24.  AZ7-22 shows warming in 
comparison to the models of AZ7-23-24. 
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 Mining operations can have undisturbed profiles.  A 
case in point is AZ7-16-17-18.  Of these three boreholes 
AZ7-16 and AZ7-18 show good climate signals, however, AZ7-
17 shows a moderate degree of warming (Figure 25).  The 
inverse models of these boreholes reflect these signals as 
well (Figure 26). 
 In addition, borehole temperature signals from suites 
of boreholes can moderately disagree.  MT3-83 shows a 
warming whereas MT3-84 shows a cooling signal (Figure 27).  
Both of these profiles start well below the surface with 
MT3-83 at 90 m and MT3-84 at 60 m down.   
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Figure 25.  Reduced T-z profiles of AZ7-16-17-18. 
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Figure 26.  Arizona inverse models. 
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Figure 27.  Reduced T-z profiles for MT3-83-84, MT3-83 shows a warming signal 
whereas MT3-84 shows a cooling signal. 
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 Another interesting borehole in the land cover 
category is NY7-78.  This borehole has a severe terrain 
effect.  NY7-78 is included in the land cover category even 
though it has multiple terrain effects.  Borehole NY7-78 is 
located in a mining operation within an urban area that is 
near a river and shows a warming signal (Figure 29).  In 
such cases as NY7-78, it is nearly impossible to correct 
the temperature signal for a feasible recovery of past 
temperatures, due to the influence of multiple terrain 
effects to varying degrees.  However, this borehole can 
still be used to show climate trends.  
 
Figure 28.  Google© Earth images of NY7-78 that depicts its location in an 
urban area, near a mining operation and a river. 
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Figure 29.  Reduced T-z profile of NY7-78, which is significantly warmer than 
the synthetic profile 
  
 Boreholes with vegetation cover changes include three 
boreholes in the IHFC dataset that have multiple loggings.  
All three boreholes, Sar64-92, Nha64-92, and Nos65-92, 
located in New York, New Hampshire, and Vermont, 
respectively, show a moderate warming signal.   
 However, in the case of Sar64-92, cooling has occurred 
between the observed logging in 1964 and the later logging 
of 1992 (Figure 30).  The SAT between 1964 and 1992 shows 
an increase in temperature of approximately 0.1 °C.  Note 
that Sar does have possible groundwater effects exhibited 
by a curve between 250m and 100m in the reduced T-z 
profiles. 
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sar64-92 Reduced Temperature Depth Profiles
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Figure 30.  Reduced T-z profile of Sar64-92, the profile shows a cooling in the 
time between logs of Sar64 and Sar92. 
   
 Aerial imagery was obtained for this borehole location 
(Figure 31).  The aerial photographs obtained for GIS 
analysis are from 1966 and 1995.  The exact years of 
borehole loggings were not available, therefore the closet 
years were chosen.  Finding aerial photographs, especially 
from the 1960s, is difficult.  However, a time span of 30 
years does allow some leeway because any significant 
changes in land cover will still appear.     
 The imagery was processed using a Normalized 
Difference Vegetation Index (NDVI).  The NDVI highlights 
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areas of change in reference to a certain number 
percentage.  Hence, if the percentage is set at 30%, the 
NDVI will highlight any changes between images greater than 
30%.  Using percentages of 15 and 30, the NDVI showed a 
regrowth of a previously cleared forest area that could 
have contributed to the cooling.    
  
Figure 31.  Aerial photographs for the area around Sar, from 1966 and 1995 
respectively.  Main areas of forest change have been circled in green. 
 
   
 
Figure 32.  NDVI change detection of Sar using 15% and 30% respectively.  Green 
indicates a change greater than the percentage number and red indicates change 
less than the percentage number.  Black is no change.  As the percentages 
increase, the clearing and regrowth areas are among the most active areas of 
change. 
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 Images were not available to conduct a NDVI for Nha64-
92 and Nos65-92.  Both boreholes show warming, however, the 
observed profiles of Nos65-92 show a cooling of 
approximately 0.25 °C between 1965 and 1992.  The SAT 
signal between 1965 and 1992 shows an increase by 0.3 °C.  
The area around Nos has experienced some forest regrowth as 
well (Figure 33), but with imprecise coordinates, it is 
difficult to be certain of the effect on Nos (Figure 34).  
Nha64-92 is located in cleared farmland that probably 
contributes to the warming (Figures 35 and 36).   
 
 
 
Fi
 
gure 33.  Google© Earth images of the location of Nos65-92. 
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nos65-92 Reduced Temperature Depth Profiles
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Figure 34.  Reduced T-z profiles of Nos65-92.  There is cooling between the 
logs of 1965 and 1992. 
 
 
 
Figure 35.  Google© Earth images of the approximate location of Nha64-92. 
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Figure 36.  Reduced T-z profile of Nha64-92.  Profiles show a continued warming 
between the 1964 and 1992 logs. 
 
Regional Borehole Variation 
 
 The regional area focus of this study includes North 
Dakota, South Dakota and Nebraska.  Eleven boreholes with 
minor to moderate terrain effects are located throughout 
this area (Figure 37).  Several of these boreholes were 
logged recently, so there are multiple observed 
measurements.   
 The North Dakota boreholes all showed relatively 
undisturbed profiles (Figure 38).  The composite inverse 
model combined all the boreholes and showed a warming in 
North Dakota of approximately 1.6 °C in the past century 
(Figure 39).    
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 Figure 37.  Google© Earth image of regional borehole locations. 
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Figure 38.  North Dakota inverse models.  Variation in amplitude is due to the 
varying depths of the boreholes.  Landa is 100 m deep and Minot is 274 m deep. 
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North Dakota Composite Inverse Model
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Figure 39.  North Dakota composite inverse model. 
  
 This study included measurements from four South 
Dakota boreholes.  Two boreholes in western South Dakota, 
Wall and Kadoka, were lost so the 2004 and 2003 loggings, 
respectively, of these boreholes are included.  Wall and 
Kadoka have undisturbed temperature profiles.  The 
boreholes in the eastern half of the state, Reliance and 
Heap Lake, are located in a high heat flow area in South 
Dakota; both suffer from moderate groundwater terrain 
effects.  Their profiles reflect the moderate terrain 
effects.   
 The inverse model of South Dakota shows the 
differences between these boreholes, Wall and Kadoka show a 
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greater warming than Reliance and Heap Lake exhibit, a 
difference of approximately 1 °C (Figure 40).  Wall and 
Kadoka have very similar inverse models, whereas Reliance 
and Heap Lake show profile disturbances.   
 These boreholes were averaged to obtain a composite 
inverse model.  The terrain-affected borehole profiles show 
an influence on the composite profile.  There is a 0.6 °C 
difference between the composite temperature profiles of 
the undisturbed temperature profiles versus the total 
composite of all temperature profiles (Figure 41).  Of 
course, in this case there is an even split of undisturbed 
and affected temperature profiles.    
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Figure 40.  South Dakota inverse models. 
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Figure 41.  South Dakota composite inverse models.  
  
 A similar situation is found in Nebraska, with some 
boreholes showing undisturbed profiles and others showing 
moderately influenced profiles (Figure 42).  Two of the 
boreholes included, Hay Springs and Box Elder have been 
logged twice.  The Hay Springs borehole has a depth of 235 
m and loggings are fifteen years apart.  The Box Elder 
borehole loggings are four years apart.  The Box Elder 
borehole has a depth of 242 m, although it is not included 
in the IHFC dataset.    
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 Figure 43 shows the composite profiles.  One composite 
is the averaged undisturbed borehole profiles, including 
all loggings of Hay Springs and Box Elder, and the other 
composite incorporates all the borehole profiles.  
 The composite profiles show a difference of 0.25 °C.  
The difference is minor due to the moderate terrain effects 
on the disturbed profiles.  However, the salient point is 
that there is a difference. 
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Figure 42.  Nebraska inverse models. 
  
 Composite profiles by state were created by averaging 
all the boreholes in a state.  These profiles were compared 
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with a total composite profile created with the boreholes 
averages from all three states combined (Figure 44).  Thus 
far, the warming trend has been that North Dakota has shown 
more warming than either South Dakota or Nebraska, and 
Nebraska has shown the least amount of warming. 
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Figure 43.  Composite models featuring a composite of the Box Elder and Hay 
Springs loggings and a composite of all South Dakota loggings. 
 
 Figure 44 illustrates how averaging can affect 
results.  North Dakota’s composite shows approximately 1.6 
°C of warming for this past century, whereas Nebraska shows 
approximately 0.3 °C of warming.  Temperature increase with 
latitude increase is known as “polar amplification”.  
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Therefore, the regional composite, obtained by averaging 
the three state composites, shows a warming on par with 
South Dakota’s composite inverse model.   
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Figure 44.  State composite inverse models in comparison to the regional 
composite. 
 
 For a regional description, a warming of about 0.8 °C 
is reasonable, but for more local trends and studies, this 
would be an inaccurate conclusion.  Averaging does affect 
the outcome, whether that is good or bad depends entirely 
on the intended use of the data.   
State Inverse Models 
 Appendix I shows state inverse models for the borehole 
profiles included in this report.  To emphasize the 
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variation between the boreholes even within a state, the 
models are set with an equal starting point to show the 
differences in the profiles, without the differences in 
temperatures.  An item to keep in mind when examining 
inverse models is that boreholes of different depths will 
show the variation in the modeling.  Deeper boreholes will 
show a longer record of surface temperature changes.   
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Figure 45.  Colorado inverse models. 
  
 A number of Colorado boreholes are included in this 
report and a majority show topographic terrain effects.  
Unfortunately, many of these Colorado boreholes have 
terrain effects ranging from moderate to severe, which 
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interfere with any attempt to average these boreholes.  In 
fact, many of these boreholes are severe enough that they 
cannot be used to even show temperature trends.  The 
topography of Colorado, the subsurface thermal regime and 
the original use of the boreholes make them difficult to 
use in climate studies.  The inverse models reflect the 
cooling signals that many of these boreholes exhibit in 
their reduced temperature-depth profiles (Figures 45 and 
46).
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Figure 46.  Reduced T-z profile of CO5-23.  Many of the Colorado boreholes 
included in this report exhibits this type of cooling profile. 
  
 Another issue with inverse modeling is that it can be 
too forgiving.  For example, borehole NY7-78 again, both 
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the reduced and the observed profile show an exaggerated 
warming for this location.  Nevertheless, the inverse model 
appears to be within a reasonable range (Figure 48), 
although it shows more warming than other New York borehole 
inverse models.  This borehole is a good example how an 
influenced temperature profile can still show temperature 
trends.  In this case, there is warming occurring around 
the borehole, just not to the extent NY7-78 is indicating.  
The observed profile on this hole is especially interesting 
showing a massive warming signal of 0.5 °C in the upper 50 
meters of the borehole.  This obviously terrain-affected 
profile is rare to see in the observed temperature profile. 
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NY7-78 Observed Temperature Depth Profile
y = 0.0091x + 9.0586
R2 = 0.9956
10.5
10.6
10.7
10.8
10.9
11
11.1
11.2
11.3
11.4
0 50 100 150 200 250 300
Depth (m)
Te
m
pe
ra
tu
re
 (C
)
11.5
11.6
Observed
Observed1
Linear (Observed1)
 
Figure 47.  NY7-78 observed temperature-depth profile. 
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New York Inverse Models
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Figure 48.  New York inverse models. 
 
 Many of the boreholes located in New York and included 
in this study show a higher degree of warming than 
indicated by the SAT recorded from weather stations around 
these boreholes.  The combined boreholes indicate a warming 
of approximately 1.6 °C, whereas SAT signals indicate a 
warming of approximately 0.9°C.  Moderate terrain effects 
influence many of the boreholes in New York.  These 
boreholes can still be used to show temperature trends and 
corrections are feasible to recover surface air 
temperatures. 
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CHAPTER IV 
DISCUSSION 
 Climate modeling is dependent on many different 
factors, the biggest factors being accurate data sources.  
User error, data error, measurement error, and assumptions 
and corrections can be serious problems.  The procedures 
used in modeling borehole profiles in this study have been 
detailed.  
 In many of the reduced temperature profiles, multiple 
observed linear fits are given, which emphasize how linear 
fit calculations can affect the final reduced profile.  
Calculating a linear fit higher than thirty meters from the 
bottom of the hole can shift the profile significantly.  
 Other interpretation errors can occur in the synthetic 
modeling using SAT as a forcing signal.  Correct forcing 
signals are dependent on accurate data from weather 
measuring stations.  To minimize instrument error, weather 
stations were averaged to obtain a composite signal. 
 Measurement error in observed data can be a major 
problem.  There is no set standard logging method and 
operators will vary in rate of measurements.  Smaller       
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increments of measurement are preferred to show more 
detail, but in deep boreholes, this can be tedious and 
unnecessary, so it is often avoided by increasing the rate 
of measurement.  
 How much the influenced boreholes will affect the 
overall set will vary with the type of modeling a worker is 
doing.  If the interest is in doing inverse modeling with a 
look towards century-long trends, the set is robust enough 
to handle the amount of moderately influenced boreholes.  
However, if you are looking at local or regional areas, or 
smaller time scales, the influenced boreholes should be 
removed or corrected before proceeding. 
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CHAPTER V 
CONCLUSIONS 
 Approximately 34% of the 136 boreholes in the United 
States dataset have terrain effects.  Severely affected 
boreholes comprise 15% of the dataset.  The three main 
categories of terrain effects include topographical, water 
and land cover.  Of the 63 boreholes included in this 
report, 21 exhibit land cover effect, 15 show topographical 
effects, 15 show minor effects, and 12 show water effects.   
 Topographical effects are the most feasible to correct 
with analytical and numerical modeling.  Land cover and 
water effects are more difficult because of the transient 
characteristics of these effects.  Detailed study of each 
borehole may allow feasible corrections; however, a precise 
location is needed. 
 In presenting this work, many different types of 
modeling for climate data have been shown.  Modeling 
individual boreholes allows a detail to show that 
differences in temperature changes can occur over 
relatively small areas and periods.  For example, the 
warming in North Dakota is significantly higher, 1.6 °C, 
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than one would find in Nebraska, 0.3 °C.  However, the 
averaged composite model over North Dakota, South Dakota, 
and Nebraska, shows a warming approximate to South Dakota’s 
composite model at approximately 0.8 °C.   
 A crucial point is that temperature change is not 
uniform and will vary over regional areas.  Higher 
latitudes are experiencing a greater amount of warming.  
Polar amplification refers to a greater climate change near 
the poles compared to the rest of the globe.  A positive 
feedback, primarily the ice-albedo feedback mechanism of 
the retreat of ice and snow is a major contributor to polar 
amplification. 
 The initiators of the Borehole Temperature and Climate 
Reconstruction database were interested in showing 
century’s long trends, with a view that the dataset is 
robust enough to average out any influenced borehole logs 
and give a relatively accurate model.  A majority of the 
modeling is inverse modeling with a general model used on 
each borehole.  This method may not be the most accurate 
method because a general model will not work well on a 
significant portion of the dataset.  As mentioned earlier, 
many boreholes are not drilled specifically for climate 
research, but are adapted or salvaged from oil and gas 
exploration holes or mining sources.  These boreholes need 
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to be examined closely before being used in climate 
studies.  Climate workers should be aware that discretion 
is needed when using borehole data from the dataset.                  
 Overall, with the appropriate amount of discretion, 
the Borehole Temperature and Climate Reconstruction 
database is able to provide accurate data for use in many 
different types of climate studies.  Correcting terrain 
effects on many of the moderately affected boreholes 
identified in this report is feasible.  However, the 
severely influenced boreholes should be removed from the 
dataset.   
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AZ7-16 Observed Temperature Depth Profile
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AZ7-16 Reduced Temperature Depth Profile 
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AZ7-18 Observed Temperature Depth Profile
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GLEN95 Observed Temperature Depth Profile
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GLEN95 Reduced Temperature Depth Profile
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Glenburn 2007 Observed Temperature Depth Profile
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Glenburn 2007 Reduced Temperature Depth Profile
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 HAYSPR Observed Temperature Depth Profile
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HAY955 Observed Temperature Depth Profile
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Minot 2007 Observed Temperature Depth Profile
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Minot 2007 Reduced Temperature Depth Profile
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MI7-40 Observed Temperature Depth Profile
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MI7-40 Reduced Temperature Depth Profile
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UTSRD-3 Observed Temperature Depth Profile
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UTSRD-3 Reduced Temperature Depth Profile
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Wall 2004 Observed Temperature Depth Profile
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Wall 2004 Reduced Temperature Depth Profile
0
20
40
60
80
100
120
140
160
180
200
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
Temperature (C)
D
ep
th
 (m
)
Observed
Synthetic
 
 
 
 80
 
 
 
 
 
 
Appendix B 
Topographical Terrain Affected Profiles 
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AZ7-13 Observed Temperature Depth Profile
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CA3-25 Observed Temperature Depth Profile
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CA3-25 Reduced Temperature Depth Profile
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CA3-41 Observed Temperature Depth Profile
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CA3-41 Reduced Temperature Depth Profile
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CA7-31 Observed Temperature Depth Profile
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CA7-31 Reduced Temperature Depth Profile
0
50
100
150
200
250
300
-0.1 0 0.1 0.2 0.3 0.4 0.5
Temperature (C)
D
ep
th
 (m
)
Observed
Synthetic
 
 
 
 85
 
CO3-73 Observed Temperature Depth Profile
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CO3-73 Reduced Temperature Depth Profile
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CO5-8 Observed Temperature Depth Profile
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CO5-8 Reduced Temperature Depth Profile
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CO5-22 Observed Temperature Depth Profile
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CO5-22 Reduced Temperature Depth Profile
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CO5-23 Observed Temperature Depth Profile
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CO5-23 Reduced Temperature Depth Profile
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CO5-31 Observed Temperature Depth Profile
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CO5-31 Reduced Temperature Depth Profile
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GSEL-02 Observed Temperature Depth Profile
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GSEL-02 Reduced Temperature Depth Profile
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NM5-52 Observed Temperature Depth Profile
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NM5-52 Reduced Temperature Depth Profile
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NV3-134 Observed Temperature Depth Profile
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NV3-134 Reduced Temperature Depth Profile
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NV7-66 Observed Temperature Depth Profile
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NV7-66 Reduced Temperature Depth Profile
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UTSRS-3 Observed Temperature Depth Profile
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UTSRS-3 Reduced Temperature Depth Profile
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UTSRD-7 Observed Temperature Depth Profile
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UTSRD-7 Reduced Temperature Depth Profile
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WY3-184 Observed Temperature Depth Profile
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Appendix C 
Water Terrain Affected Profiles 
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CA3-38 Observed Temperature Depth Profile
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CA3-43 Observed Temperature Depth Profile
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CA7-29 Observed Temperature Depth Profile
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 ME7-34 Observed Temperature Depth Profile
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 MN5-34 Observed Temperature Depth Profile
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 MN5-35 Observed Temperature Depth Profile
y = 0.0186x + 4.0904
R2 = 0.9997
0
2
4
6
8
10
12
14
16
0 100 200 300 400 500 600 700
Depth (m)
Te
m
pe
ra
tu
re
 (C
)
Observed
Observed1
Linear (Observed1)
 
 
 
MN5-35 Reduced Temperature Depth Profile
0
100
200
300
400
500
600
700
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Temperature (C)
D
ep
th
 (m
)
Observed
Synthetic
 
 
 104
 NV3-151 Observed Temperature Depth Profile
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 NY6-11 Observed Temperature Depth Profile
y = 0.0115x + 6.4166
R2 = 0.9981
y = 0.0126x + 6.1481
R2 = 0.9997
0
2
4
6
8
10
12
0 50 100 150 200 250 300 350 400
Depth (m)
Te
m
pe
ra
tu
re
 (C
)
Observed
Observed1
Observed2
Linear (Observed1)
Linear (Observed2)
 
 
 
NY6-11 Reduced Temperature Depth Profile
0
50
100
150
200
250
300
350
400
-1.5 -1 -0.5 0 0.5 1
Temperature (C)
D
ep
th
 (m
)
Observed1
Observed2
Synthetic
 
 
 106
 NY6-43 Observed Temperature Depth Profile
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WA3-180 Observed Temperature Depth Profile
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Appendix D 
Land Cover Terrain Affected Profiles 
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Alclay4 Observed Temperature Depth Profile
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Alclay6 Observed Temperature Depth Profile
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 AZ7-17 Observed Temperature Depth Profile
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AZ7-22 Observed Temperature Depth Profile
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AZ7-23 Observed Temperature Depth Profile
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AZ7-24 Observed Temperature Depth Profile
y = 0.031x + 20.593
R2 = 0.9999
0
5
10
15
20
25
30
35
0 50 100 150 200 250 300 350 400 450
Depth (m)
Te
m
pe
ra
tu
re
 (C
)
Observed
Observed1
Linear (Observed1)
 
 
 
AZ7-24 Reduced Temperature Depth Profile 
0
50
100
150
200
250
300
350
400
450
-0.2 0 0.2 0.4 0.6 0.8 1
Temperature (C)
D
ep
th
 (m
)
Observed
Synthetic
 
 
 
 115
CO5-20 Observed Temperature Depth Profile
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DC6-61 Observed Temperature Depth Profile
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DC6-62 Observed Temperature Depth Profile
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DC6-63 Observed Temperature Depth Profile
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MT3-83 Observed Temperature Depth Profile
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MT3-84 Observed Temperature Depth Profile
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nha64 Observed Temperature Depth Profile
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nha92 Observed Temperature Depth Profile
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nos65 Observed Temperature Depth Profile
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NY7-78 Observed Temperature Depth Profile
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 sar64 Observed Temperature Depth Profile
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sar92 Observed Temperature Depth Signal
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TN6-57 Observed Temperature Depth Profile
y = 0.0173x + 13.921
R2 = 0.9979
y = 0.0193x + 13.388
R2 = 0.9999
0
2
4
6
8
10
12
14
16
18
20
0 50 100 150 200 250 300Depth (m)
Te
m
pe
ra
tu
re
 (C
)
Observed
Observed1
Observed2
Linear (Observed1)
Linear (Observed2)
 
 
 
TN6-57 Reduced Temperature Depth Profile
0
50
100
150
200
250
300
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
Temperature (C)
D
ep
th
 (m
)
Observed1
Observed2
Synthetic
 
 
 
 129
 
 
 
 
 
Appendix E 
Nebraska Field Logged Boreholes 
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Big Springs 2007 Observed Temperature Depth Profile
y = 0.0659x + 11.265
R2 = 0.9905
0
5
10
15
20
25
0 20 40 60 80 100 120 140 160 180
Depth (m)
Te
m
pe
ra
tu
re
 (C
)
Observed
Observed1
Linear (Observed1)
 
 
 
Big Springs 2007 Reduced Temperature Depth Profile
0
20
40
60
80
100
120
140
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Temperature (C)
D
ep
th
 (m
) Observed
Synthetic
 
 131
 Box Elder 2003 Observed Temperature Depth Profile
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White Clay 2007 Observed Temperature Depth Profile
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Appendix F 
North Dakota Field Logged Boreholes 
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Glenburn 2007 Observed Temperature Depth Profile
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Landa 2007 Observed Temperature Profile
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Appendix G 
South Dakota Field Logged Boreholes 
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Heap Lake 2007 Observed Temperature Depth Profile
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Kadoka 2003 Observed Temperature Depth Profile
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Reliance 2007 Observed Temperature Depth Profile
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Appendix H 
Surface Air Temperature Signals 
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AZ7-16-17-18 Surface Air Temperature Signal
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Big Springs 2007 Surface Air Temperature Signal
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Box Elder 2003 Surface Air Temperature Signal
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Box Elder 2007 Surface Air Temperature Signal
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CA3-25 Surface Air Temperature Signal
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CA3-38 Surface Air Temperature Signal
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CA3-41 Surface Air Temperature Signal
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NV3-134 Surface Air Temperature Signal
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Reliance 2007 Surface Air Temperature Signal
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Wall 2004 Surface Air Temperature Signal
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Appendix I 
Inverse Models by State 
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Tennessee Inverse Model
-0.40
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1200 1300 1400 1500 1600 1700 1800 1900 2000
Time
Te
m
pe
ra
tu
re
 (C
)
TN6-57
 
 
 
Utah Inverse Models
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1200 1300 1400 1500 1600 1700 1800 1900 2000
Time
Te
m
pe
ra
tu
re
 (C
)
UTSRD-3
UTSRD-7
UTSRS-3
 
 
 
 180
Vermont Inverse Models
-0.40
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
1200 1300 1400 1500 1600 1700 1800 1900 2000
Time
Te
m
pe
ra
tu
re
 (C
) nos65
nos92
 
 
 
 
 
Washington Inverse Model
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1200 1300 1400 1500 1600 1700 1800 1900 2000
Time
Te
m
pe
ra
tu
re
 (C
)
WA3-180
 
 181
Wyoming Inverse Model
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